Abstract -Doppler-free spectroscopy of gases in hollow-core fiber (HCF) -based cells can be used for realizing new compact, robust and portable frequency standards. In this summary a method for cancelling interferences resulting from splices between standard telecom fiber and HCF using two piezoelectric stack actuators is presented. Both HCF and mirror-side standard fiber are modulated by stretching. The performance of the cancellation scheme was tested with a HCF yielding 99 % interference amplitude reduction.
I. INTRODUCTION
Saturated absorption spectroscopy usually requires light to pass a low-pressure gas back and forth along the same optical path, enabling observation of the spectral line without Doppler broadening. Using a hollow-core fiber (HCF) -based gas cell [1, 2] in an all-fiber arrangement improves robustness against component misalignment, mechanical vibration and temperature changes.
Interferences arising from interfaces between optical components can be a severe problem in a saturated absorption measurement. In traditional free-space optical setups for spectroscopy and laser stabilization, the interferences can be cancelled by modulating the end mirror [3] - [ 5] . However, it is not usually possible to reflect light back directly from the end of the HCF gas cell, and the splices between telecom fiber and the HCF can have high reflectivities. This results in interference effects from multiple interfaces when using an end mirror and HCF -based arrangement.
A novel interference cancellation scheme for hollow-core fibers spliced to ordinary single-mode telecom fiber is presented.
II. DOUBLE MODULATION SCHEME
In principle, averaging evenly over a path length change spanning a whole interference period causes perfect removal of interference signal, independent of any phase offsets. This has been successfully applied in [4, 5] , where the end mirror is modulated in a system where laser light is coupled from fiber to free space and reflected back. In the all-fiber approach the splices in the ends of the HCF form an additional resonator the interferences of which can be washed out by modulating also the HCF length. The modulation frequency can be selected so that its harmonics do not interfere with possible lock-in detection.
III. EXPERIMENTAL SETUP
The setup for the experiment, shown in Fig. 1 , is based on previously designed instrumentation [4] . It comprises an external cavity diode laser, an erbium-doped fiber amplifier, intensity stabilization, HCF, Faraday mirror and circulator, and detection, along with two piezo stacks. The HCF is approximately 40 cm long and is spliced to standard telecom fiber. In addition to high reflectivity, the splices had also high losses. The two piezos, A and B, were glued to the telecom fiber between mirror and splice 1 and to the HCF, respectively. Fig. 1 . Measurement setup for feasibility tests using a hollow core fiber gas cell. ECDL is external cavity diode laser, EDFA is erbiumdoped fibre amplifier, DVM is digital voltmeter, Att is attenuator, IS is intensity stabilizer and TIA is transimpedance amplifier.
Piezo A and piezo B were driven by two separate, synchronized signal generators. A triangular waveform at 50 Hz was used for modulating the piezos. By looking at the interference fringes in the detected signal using an oscilloscope, the amplitudes were tuned so that each piezo oscillates over an integer number of interference fringes and the relative phase of the modulation signals so that the piezos change direction simultaneously. Therefore, the part of the interference effects dependent on the combined stretching effect of both piezos also spreads over an integer number of fringe periods. In this experiment piezo A was modulated over a few fringes and piezo B was modulated over 1 fringe, so the fringe frequencies were also different.
The digital volt meter (DVM) was used in DC mode and averaging time was 200 ms, effectively averaging the 50 Hz modulation. Stepping of the ECDL wavelength setting was done at 1 second intervals. Figure 2 shows the recorded detector signal as DVM readings over a wavelength scan with and without the piezo modulations. All the wavelength scales in this summary are approximate. The HCF used in this experiment was filled with CO 2 at atmospheric pressure during manufacturing. In the absence of any modulation the interference amplitude varied between approximately 20 % and 80 % of the signal mean.
IV. RESULTS
The remaining smoothly varying intensity seen with the interference cancellation scheme consists of a mixture of CO 2 spectrum and some interference effects of unknown origin in the test setup. The phase of the slowly varying interference was sensitive to raising the HCF temperature by several degrees. However, such smooth background slope should interfere with saturated absorption peak detection only to a limited degree.
V. CONCLUSION
A method for cancelling interference from splices to hollow core fiber in a fiber based spectroscopy system was presented. Approximately 99 % reduction of the interference amplitude was easily attained using the technique. The residual amount of interference is small enough to make detection of saturated absorption possible. 
